ABSTRACT High-spectral-resolution measurements of the center-to-limb behavior of weak transitions in the carbon monoxide first-overtone (AF = 2) vibration-rotation bands (oe £ 4300 cm -1 ) are compared with synthetic line widths and equivalent widths for a range of single-component and multicomponent models of the solar photosphere. The single-component thermal structure in best quantitative agreement with the observed properties of the solar CO spectrum is similar to the Vernazza, Avrett, and Loeser model M. Multicomponent models consisting of Gaussiandistributed temperature perturbations around the best-fit model do not significantly affect the computed center-to-limb behavior of CO lines or the solar carbon abundance derived from measured disk-center equivalent widths. The equivalent width ratios of low-and high-excitation lines within a given vibration-rotation band are found to be inconsistent with "hot" upperphotosphere models, such as the Linsky and Ayres and Holweger and Müller semiempirical single-component models, as well as with the two-stream thermal structure proposed by Tsuji. Excitation ratios and center-to-limb behavior of CO lines require a solar carbon abundance near 3 x 10" 4 for an assumed oxygen abundance of 7 x 10 " 4 . This value is consistent with carbon abundances obtained by Tsuji (CO) and Mount and Linsky (CN), but is much smaller than the revised solar carbon abundance recommended recently by Lambert.
I. INTRODUCTION
Carbon monoxide is a valuable probe of atmospheric structure in cool stars (7^ < 6000 K) as a consequence of the strong temperature and pressure sensitivity of diatomic molecule formation; the substantial abundance of CO where conditions favor its formation; and its rich, accessible infrared vibrationrotation spectrum. In addition, CO is an important abundance indicator for carbon and oxygen (Lambert and Ries 1977; Lambert 1978 ). These elements are major opacity sources in stellar interiors and participate directly in internal energy generation through the CNO cycle. Furthermore, isotopic abundance ratios inferred from comparisons of, for example, 13 C 16 0 and 12 C 16 0 line strengths can be used to probe the nuclear history of stellar surface material (Hall, Noyes, and Ayres 1972; Tomkin, Luck, and Lambert 1976) .
The analysis of CO lines is simplified by the probable local thermodynamic equilibrium (LTE) nature of the CO chemical equilibrium, ground electronic state vibration-rotation populations, and infrared line source functions for typical cool-star photosphere conditions (Tsuji 1964; Thompson 1973; Hinkle and Lambert 1975) . Departures from LTE may be significant, however, for the strong fundamental (AF = * Visiting Astronomer, Kitt Peak National Observatory, which is operated by the Association of Universities for Research in Astronomy, Inc., under contract with the National Science Foundation. 1) vibration-rotation bands in cool, low-density stellar envelopes (Carbon, Milkey, and Heasley 1976) .
Because CO is a valuable tracer of C and O abundances, isotopic ratios, and atmospheric properties in late-type stars, it is important to assess how well we understand the formation of the infrared vibrationrotation spectrum under a set of conditions which are themselves relatively well understood, namely, the solar photosphere. In particular, the analysis of solar CO data can tell us whether theoretical and experimental oscillator strengths are reliable, especially for high-excitation transitions (Tsuji 1977a) , or whether the presence of thermal inhomogeneities in the solar upper photosphere (Noyes and Hall 1972) causes difficulties in extracting information from measured CO spectra using the standard single-component modeling approach.
Recently, Tsuji (19776) has discussed the formation of the OJ 4300 cm" 1 first-overtone (AF = 2) vibration-rotation bands of CO in the solar atmosphere. He estimated equivalent widths for a large sample of weak CO lines from Hall's (1974) Atlas of Infrared Spectra and interpreted these using several singlecomponent model photospheres. Tsuji concluded that a two-stream photosphere consisting of the Vernazza, Avrett, and Loeser (1976, hereafter VAL) model M and a component 300 K hotter (the VAL model S) could reproduce the observed band excitation temperatures as well as the measured disk-center equivalent widths of weak CO lines with the revised carbon and oxygen abundances recommended recently by AYRES Vol. 225 Lambert (1978) . Fitting CO line strengths usingmodel M alone required a solar carbon abundance substantially smaller than that proposed by Lambert. However, Tsuji could not decide unambiguously on the basis of his data alone whether the two-component approach was a more realistic way to model the solar CO spectrum than was the single-component approximation. I therefore decided to examine the additional dimension of thermal information available in the variation of CO line shapes and equivalent widths from disk center to the solar limb in an attempt to better understand the formation of the solar CO spectrum.
In § II, I describe measurements of the center-tolimb behavior of selected transitions in the oe ae 4300 cm" 1 first-overtone bands of CO. In § III, I compare these observations with predictions based on a variety of single-component and multicomponent models of the solar atmosphere. Finally, in §IV, I discuss the significance of these comparisons, particularly concerning the solar carbon abundance.
II. OBSERVATIONS a) Center-to-Limb Measurements at KPNO
Center-to-limb spectra of two relatively clean intervals (Ao> ^ 6 cm" 1 ) in the 2-0 and 3-1 firstovertone bands of CO were obtained during 1977 January 7, 9, 12, and 13 at Kitt Peak. The six heliocentric angles observed were /x = 1 (disk center), 0.5, 0.3, 0.25, 0.2, and 0.15.
The horizontal infrared spectrograph of the McMath solar telescope used for these measurements has been described by Hall ( , 1974 . Observations were made in fifth order, double pass, with 225 /xm x 10 mm entrance and exit slits (0''6 x 25" on the main image). The slit-limited resolving power of the spectrograph in this configuration is tu/Aw £ 3 x 10 5 . The detector was liquid N 2 -cooled InSb.
Measurements were made on both the main solar image and the smaller west auxiliary image. The former was used primarily for extreme limb work (/x = 0.25, 0.20, 0.15) owing to the larger image scale.
In order to ensure that the spectra were characteristic of the quiet Sun, observations were restricted to activity-free diameters on the solar disk identified with the help of daily magnetograms.
Spectra were obtained as follows : A selected region on the solar image was carefully centered on the entrance slit of the spectrograph using limb guiders mounted on micrometer slides. These guiders also stabilized the image. The designated spectral interval in the 2-0 or 3-1 band was then repeatedly scanned to obtain groups of five to 10 sequential data blocks of 2.5 minutes' duration each.
The two spectral intervals ar= 4321-4327 cm" 1 (2-0) and oj = 4293-4299 cm" 1 (3-1) were selected on the basis of Hall's Atlas. Each is the cleanest region in the particular vibrational band, which also contains pairs of low-and high-excitation lines.
The integration time was chosen so that the possible influence of 5 minute oscillations (cf. Noyes and Hall 1972) on the data could be crudely assessed. In addition, the horizontal infrared spectrograph is fixed and cannot follow the diurnal rotation of the solar image. For this reason, a point near the solar limb travels an arc of roughly half a slit length in 2.5 minutes (main image). Therefore, it was anticipated that the variation in CO limb equivalent widths over each group of sequential data blocks would contain some information concerning the gross effect of 5 minute oscillations on the CO line-forming layers as well as a crude indication of the fluctuations in CO line strengths over 25" x 1" spatial elements.
Spectra were recorded primarily in the morning and early afternoon of each observing session in order to take advantage of good seeing (2"-3") and small air masses. The latter are important because of significant terrestrial absorption in the CO first-overtone region. A few scans were obtained at very large air masses (sunrise and sunset) to detect the presence and to assess the effect of weak terrestrial absorption lines in the selected spectral intervals.
The raw data blocks were Fourier filtered according to the technique described by Brault and White (1971) and were interpolated individually onto linear wavenumber scales.
b) Gaussian Line Parameters
A sample of relatively clean, weak CO lines in each of the spectral intervals was selected for further reduction and analysis. These lines are very nearly Gaussian at all disk positions. Widths and equivalent widths were therefore estimated by fitting Gaussian profiles to the sample lines in each data block. This approach considerably simplified the systematic reduction of the large number of data generated during the observing run.
Sample center-to-limb spectra of the 2-0 and 3-1 regions are illustrated in Figures \a and \b. Notice the pronounced darkening and increase in equivalent widths of the CO features toward the limb. Because no evidence of significant systematic variations was found in the equivalent widths determined from the sequential data blocks, all of the spectra for a given CO line at a particular disk position were averaged to obtain the final center-to-limb behavior illustrated in Figure 2 . Error bars in this figure represent standard deviations in each data set. The disk-center averages are based on up to 20 independent measurements, whereas the equivalent widths at other /x-values are based on 10 or less. Most of the apparent scatter within each data set probably arises from smallamplitude image motions and spatial-temporal smearing of photospheric inhomogeneities. the 6cm -1 interval of the 2-0 band illustrated in Figure la includes three clean low-/ lines (AE19, R20, and R2\) of essentially identical lower-level excitation and oscillator strength. The same spectral bandpass also contains two clean high-/ lines (Ä81 and AE82). Observationally, the center-to-limb behavior of the individual lines within a low-/ or high-/ excitation set is very similar (see Fig. 2 ). In order to simplify modeling, the individual center-to-limb curves were averaged to give a mean relation for each set.
Line widths and equivalent widths are synthesized as follows : A photospheric model is specified by the runs of temperature and number density with reference continuum optical depth (or mass column density). Given such a model, I solve the quadratic dissociative equilibrium equation for CO obtained by neglecting all other molecular sinks of C and O (e.g., CN, CH, OH, etc.) and by assuming that atomic carbon and oxygen are neutral. These assumptions are reasonable for the range of depths T 0t5lim x 10"^lO" 1 in the solar photosphere where CO formation is favored (Thompson 1973; Mount, Linsky, and Shine 1973) . The dissociation energy of CO is taken to be D 0 = 8.945 x 10 4 cm" 1 = 11.09 eV (Suchard 1975) . Source functions and lower-level populations for each transition are computed in LTE. LTE excitation is a reasonable assumption for the solar photosphere owing to the rapid thermalization of CO vibrationrotation states by hydrogen and helium collisions (Thompson 1973) .
Excitation energies and partition functions for CO are based on the term value expansion given by Roh and Rao (1974) .
First-overtone vibration-rotation oscillator strengths are taken from the theoretical work of Kirby-Docken and Liu (1978) . Their values for low-/ dipole matrix elements agree reasonably well with experimental measurements (their Table 9 ). I have adopted the Kirby-Docken and Liu results because I wanted a homogeneous set of low-and high-/ /-values in order to be able to extract temperature information from comparisons of low-and high-excitation line strengths.
(For example, the lower-level excitation energy of the 2-0 i?81 line is about 1.2 x 10 4 cm -:L ä 1.5 eV larger than that of the 2-0 R20 line.) In Table 1 , CO vibration-rotation line parameters for the four representative excitation sets are summarized.
Synthetic line shapes are based on Doppler profiles broadened by thermal and microturbulent motions only. Residual intensities are obtained by solving a series of monochromatic intensity problems at frequency points evenly spaced across the half-line profile using Auer's (1976) Hermitian differencing scheme. The background opacity near w = 4300 cm -1 is primarily H" free-free transitions, but contributions from other sources such as LTE H i bound-free and H free-free transitions are also included.
In order to model the center-to-limb behavior of the four CO excitation sets for a particular atmosphere, I first establish a reference carbon abundance individually for each line group by fitting the measured average disk-center equivalent width. In the calculations described here, the oxygen abundance is fixed at A 0 = l x 10" 4 (Withbroe 1977; Ross and Aller 1976 ) on the scale = 1, because is very likely larger than A c (A o ^ 2A C ; Withbroe 1977) and because the CO abundance will saturate to the smaller of the oxygen and carbon abundances at low temperature. In this event, the CO line strengths are proportional to A c alone. Of course, at higher temperatures the unsaturated CO density scales as the product A C A 0 . b) Model Atmospheres The major intent of this investigation is to examine the effect of single-component and multicomponent temperature models on interpretations of spatially averaged and temporally averaged measurements of the solar CO spectrum. To this end, I will consider three separate classes of models. i) Class 1: Single-Component Models The first class consists of two sets of single-component models. The first of these sets is patterned after a model which reproduces the core and inner wings of integrated sunlight profiles of the Ca n A3934 K resonance line (Linsky and Ayres 1978, hereafter LA; see also Ayres and Linsky 1976; Ayres 1977) . The second set is patterned after the VAL model M, which was constructed to fit a wide variety of solar ultraviolet, visible, and infrared continuum data. The LA model has a relatively narrow temperature minimum (^min = 4400 K) at t 0 .5 ä 10" 4 and has generally hotter upper-photosphere temperatures than the VAL model M. The latter has a broader temperature minimum = 4150 K) somewhat deeper in the atmosphere (t 0 .5 ä 10" 3 * 5 ). Each of these models was used as a prototype to construct a grid of thermal structures covering a range of T miri values from 4000 to 4400 K in steps of 200 K. The resulting "set 1" (LA-type) and "set 2" (VALtype) models are illustrated in Figure 3 . The (T, r)-relation for each set model below t 0 . 5 ä 10" 12 is similar to that of the VAL model M but is scaled upward slightly in temperature by a factor of 1.015 to produce a better fit to calibrated optical continuum intensities (Ayres 1978) . Hereafter, the LA set model with r mln = 4400 K will be designated as model (T) and the VAL set model with T miri = 4200 K as model (2). The remaining set models will be referred to by the set number and abbreviated r min value. For example, (D 40 is the LA-type model with T min = 4000 K.
ii) Class 2: Two-Stream Model The second class of models consists of a two-stream combination of models (I) and (2). This is essentially the composite model proposed by Tsuji (19776) to fit xIO 3 Fig. 3. -Range of single-component upper-photosphere models used in this work. The thermal structures designated by dashed curves are patterned after model ® (r min = 4400 K), which was constructed to fit calibrated, integrated sunlight profiles of the Ca n K line emission core and damping wings. The solid curves refer to photospheres patterned after model© (Tram = 4200 K), which was derived from the VAL model M by scaling the temperatures upward by a factor of 1.015 to better fit calibrated optical continuum intensities. disk-center CO line strengths with Lambert's (1978) carbon and oxygen abundances, as well as to fit the estimated CO band excitation temperature.
hi) Class 3: Multicomponent Models
The final class consists of scaled versions of model (2), distributed in a Gaussian fashion around the unperturbed mean temperature model. These "Gaussian" models are characterized by the rms temperature perturbation Ar rms . This class of models is probably the most realistic representation of the solar atmosphere considered here because high-spatial-resolution pictures of the photospheric granulation pattern reveal a roughly Gaussian distribution of intensity fluctuations, at least in the white-light continuum-forming layers (Wittmann and Mehltretter 1977) .
In practice, the Gaussian temperature perturbation models are represented by four discrete components. Two of these components are hotter than the average, and two are cooler. The hottest and coolest components (AT ä ± 1.9Ar rms ) each have fractional areas of about 8%, and the two remaining symmetrical components (AT ae ±0.73Ar rms ) about 42% each. A Gaussian temperature perturbation model characterized by a given Ar rms will produce a roughly Gaussian distribution of continuum intensities with rms variation A/ rms . Observed values of granulation intensity fluctuations near 0.5 pm are of order A/ rms < 10% (Wittmann and Mehltretter 1977) . This scale of intensity fluctuations implies Ar rms <150K. The synthetic center-to-limb behavior described below is based on a range of four-component models with Ar rms = 100,150, and200 K; Ar^ = 0 corresponds to the unperturbed model (2).
For simplicity, I assume that each component thermal model has sufficient lateral optical thickness that multidimensional transfer effects can be ignored (Jones and Skumanich 1976) . The individual thermal models (or components) are described by the dependence of temperature on reference continuum optical depth To.5^m. The (T, ^-structures are converted to pressure and density distributions as described by Ayres (1978) . Figure 4 compares the center-to-limb relative variations in the equivalent widths predicted by singlecomponent atmospheres (T) and (2) for a range of depth-independent but angle-dependent microturbulent velocity models consistent with the measured line widths. Since the stronger CO lines (e.g., 3-1 R35, 2-0 R20) become increasingly saturated toward the limb, the microturbulent velocity model plays an important role in the analysis.
c) Results i) Single-Component Modeling
The largest increase in equivalent width toward the limb for a fixed thermal model is obtained with a depth-independent microvelocity model which has a velocity amplitude £ max at each heliocentric angle log ^ Fig. 4 .-Relative center-to-limb behavior of representative CO excitation sets (i.e., "2-0 R20" refers to 2-0 R19 + R20 + R21) compared with synthetic limb-darkening curves for single-component models (Ï) {dashed) and (2) {solid) based on a range of depth-independent but angle-dependent microturbulent velocity models. The latter are designated by = £*i£0.5), where £ is the "most probable" speed in km s"
1 .
sufficient to provide the entire line broadening beyond the thermal and instrumental contributions. Figure 5 compares the center-to-limb behavior of the measured line widths, corrected for an estimated instrumental broadening of 1 km s -1 , with that expected for a variety of depth-independent velocity models. The upper-envelope curves refer to the 3-1 R35 line, while the lower refer to 2-0 R20. The differential broadening of these lines toward the limb for a fixed velocity model is caused by saturation effects (3-1 R35 is stronger than 2-0 RIO at all disk positions).
The measured widths suggest that f max £ 1.75 km s" 1 is appropriate for disk center, while £ max # 2.5 s" 1 is appropriate for the limb. Notice that f max appears to be relatively independent of /x for ^ < 0.5. A similar behavior is seen in center-to-limb measurements of the Ca i A6573 intercombination line, which is formed only slightly deeper in the photosphere than the CO first-overtone spectrum (Ayres and Testerman 1978) .
The smallest increase in equivalent width toward the limb results from a depth-independent microvelocity model with a velocity amplitude £ min much smaller at all heliocentric angles than is necessary to account for AYRES Vol. 225 Fig. 5 .-Center-to-limb dependence of measured half-efolding line widths compared with behavior expected for depth-independent and angle-independent microturbulent velocities of ¿ = 1.5, 2.0, and 2.5 km s -1 . The upper portions of each envelope refer to the 3-1 R35 line, while the lower portions refer to 2-0 R20. The differential broadening of these two line sets is caused by saturation effects. An estimated Ikms -1 instrumental contribution was removed from the measured widths.
the measured line widths. For the sample calculations in Figure 5 , I have, somewhat arbitrarily, picked £min = 0.5 km s" 1 independent of /a. As an intermediate, and perhaps more realistic, case, I have synthesized center-to-limb curves using a depth-independent approximation to the depthdependent and angle-dependent microvelocity model proposed by Canfield and Beckers (1976) . The original model is based on a critical analysis of weak and strong spectral lines formed at a variety of heights in the solar photosphere and low chromosphere. In general, the amplitude of the photospheric microvelocity in the Canfield-Beckers model is approximately half of the total apparent nonthermal broadening (their Table 2 ). The estimated total broadening of the representative CO lines (Fig. 5) corresponds to a radial microvelocity in the Canfield-Beckers model £ r ae 1 kms -1 and a tangential component ^ is 1.5 km s " 1 .1 therefore designate as the "Canfield-Beckers" model a depth-independent microvelocity amplitude £=lkms _1 for /x = 1, and £=1.5 kms" 1 for fj, < 0.5. The latter is chosen because of the apparently weak dependence of the total nonthermal broadening on disk position for /x < 0.5.
It is clear from Figure 4 that the "hot" 7^ model (T) predicts increases in the line equivalent widths toward the limb which are less pronounced than observed for all reasonable microvelocity amplitudes. On the other hand, the Canfield-Beckers microvelocity model and thermal structure (2) appear to reproduce successfully the empirical center-to-limb behavior of all of the representative CO line sets. Similar agreement was found by Ayres and Testerman (1978) in a non-LTE analysis of the temperature-sensitive Ca i A6573 line.
The effect of varying T min for the set (!) and set (2) model atmospheres, assuming the Canfield-Beckers microvelocity model, is to increase the limb equivalent widths as T min decreases. The total effect for the set (2) models (T min = 4000-4400 K) is comparable to that produced by going from the £ min to £ max velocity models in the reference atmosphere (2), at least for the low-/ CO lines. However, the center-to-limb behavior of the unsaturated 2-0 R81 line, which is barely affected by changes in the microvelocity model, is best fitted by the (2)42 and (1)40 single-component thermal structures. For a given 7^, the set (!) and (2) models differ primarily between t 0 5 = 10" 3 and 10" 2 .1 conclude, therefore, that the center-to-limb behavior of weak CO lines in the first-overtone bands is most sensitive to the upper-photosphere thermal structure over that range of depths. Sensitivity to the value and location of r min itself is only secondary. This behavior is reasonable because the CO number densities and first-overtone contribution functions peak near t 0 .5 £ 10" 2 (Mount et al. ; Tsuji \911b ). The measured centerto-limb dependence of the representative CO line sets appears to constrain the t 0 .5 = 10" 2 -10" 3 structure of a single-component photospheric model to lie in a relatively narrow temperature range near those of models (1)40 and (2)42. ii) Multicomponent Models
The center-to-limb behavior of weak CO lines predicted by the multicomponent models described in § § Illè(ii) and Illè(iii) are illustrated in Figure 6 . The Canfield-Beckers microvelocity model has been used for these calculations. Center-to-limb curves for single-component models (!) and (2) are included in Figure 6 for reference. The shaded areas extending below the model (2) center-to-limb results are the envelopes of limb-darkening curves produced by increasing kT Tms in the four-component Gaussian models from 0 to 200 K. The lowest limit of each envelope refers to Ar rms = 200 K. The dot-dashed curves are predicted by the two-stream model (!) + (2). As expected, the center-to-limb behavior for model (!) + (2) lies intermediate to those of models 1 and 2 individually.
It is apparent from the comparisons in Figure 6 that, within the uncertainty introduced by the microturbulent velocity model, it is difficult to distinguish between the different multicomponent models on the basis of the measured CO center-to-limb behavior alone. In particular, the A7 rms < 150 K Gaussian models suggested by granulation studies produce center-to-limb relations almost identical to those of the unperturbed model ©and not very much different from those of the two-stream model © + ©. In fact, any of the multicomponent models appears to be acceptable within the limits of the measured center-tolimb behavior. Only the hot r mln model © seems to be definitely excluded. iii) Dependence of Derived Carbon Abundance on Excitation Potential There is an important additional piece of information available in the data. Disk-center line strength ratios of low-and high-excitation transitions within a given vibrational band are very temperature sensitive and can be used to discriminate among possible atmospheric models. For example, a band excitation temperature can be derived from the variation of line strength with rotational quantum number J (Tsuji \911b).
Here I adopt an approach that is suited to examining the model dependence of derived carbon abundances. In Figure la , I have plotted the carbon abundance A c necessary to fit the measured disk-center equivalent widths (£ = 1 km s -1 ) for the four line groups as a function of lower-level excitation E x based on the set (I) and (2) single-component atmospheres of Figure 3 . The hottest models of each set produce a clear, systematic dependence of A c on E u while the cooler models show more nearly the null dependence expected. For reference, the carbon abundances proposed by Mount and Linsky (1974, hereafter ML) and by Lambert (1978, hereafter L) In Figure lb , the ratio of carbon abundances derived from low-/and high-/lines of a given vibrational band are plotted against the mean value of A c . Here the results for the set (T) and (2) single-component models are connected by dashed and solid curves, respectively ; the results for model (T) + (2) are indicated by triangles; and, again, the results for the Ar rms = 200 K Gaussian model are denoted by the leftward extension of the model (2) points. The point where the abundance ratio curves cross unity indicates both the temperature model and the carbon abundance necessary to reproduce the variation of disk-center equivalent widths across the particular CO band.
It is apparent from these {Ap, i?i)-comparisons, and from the previous discussion of center-to-limb behavior, that the gross properties of the solar CO first-overtone spectrum can be reproduced accurately by a single-component model with an upper-photospheric temperature structure near that of model (2)42 and a solar carbon abundance near A c = 3 x 10" 4 . I also find that, while the two-stream model proposed by Tsuji (19776) does imply an average carbon abundance near that advocated recently by L, such a model will produce systematic differences in CO equivalent widths as a function of excitation potential compared with measured data, unless the relative oscillator-strength scales established by Kirby-Docken and Liu (1978) are grossly in error.
IV. DISCUSSION As is expected for molecular transitions, the CO line strengths are very temperature sensitive and allow one to distinguish between different thermal structure representations of the ''mean" solar photosphere. On the other hand, the thermal averaging properties of the CO lines are such that it is difficult to distinguish unambiguously between a Gaussian-distributed multicomponent model and the corresponding mean atmosphere (single-component), at least for the moderate range of Ar rms indicated by photospheric granulation studies. However, the gross properties of the solar CO spectrum can be reproduced by a single-component model, and reasonable multicomponent variations of Based on thermal models which reproduce the center-to-limb behavior of weak CO lines, as well as on the dependence of line strength on excitation energy, this analysis implies a solar carbon abundance near 3 x 10" 4 for an oxygen abundance of 7 x 10" 4 . (The estimated uncertainty in A c is of order 0.1 dex for a fixed A 0 .) The derived carbon abundance is significantly smaller than that proposed recently by L, especially if I adopt his recommended oxygen abundance A 0 = 8.3 x 10" 4 , which would imply A c z 2.5 x 10" 4 here. The "low" carbon abundance is, however, in good agreement with the estimates by ML based on non-LTE spectrum synthesis of the À3883 cyanogen (CN) violet system and is consistent with, although somewhat larger than, the results obtained from CO by Tsuji (1977è) . (Model (2) of this work is somewhat hotter than the original VAL model M used by Tsuji, which accounts for the larger A c obtained here.)
The "large" carbon abundance determined by L is a consequence of analyzing features of the CH A-X and the C 2 Swan systems using the Holweger and Müller (1974) solar model, which is similar in its upper-photospheric properties to Model (Î) of this work. C 2 and CH share the strong temperature sensitivity characteristic of photospheric molecules, and their abundances are affected by depletion of carbon by CO and CN. Using a "hot" photospheric model would then require a relatively larger carbon abundance to match measured C 2 and CH line strengths.
Furthermore, the various radiative equilibrium (RE) models proposed for the solar photosphere (Kurucz 1974; Bell ef al. 1976 ) tend to be significantly hotter above t 0 .5 = 10" 2 than the best-fit model(2), although somewhat cooler between 10" 2 and 1 (Avrett 1977). If the apparent differences between CO-empirical and RE models in the solar case are also true for late-type stars in general, then the use of standard RE models in stellar molecular applications may introduce systematic errors. For modeling molecular spectra in stars similar in spectral type, surface gravity, and chemical composition to the Sun, the use of scaled CO-empirical solar photospheres is probably more realistic than the use of RE temperature structures.
This work is intended as a preliminary step in exploring the solar CO vibration-rotation bands. Additional observations are currently in progress using the Kitt Peak Fourier transform spectrometer (FTS) to study the entire first-overtone region and the fundamental bands near oe = 2150 cm"
1 . The heavily saturated CO fundamental lines display core brightness fluctuations in step with the well-known 5 minute photospheric oscillation (Noyes and Hall 1972) and are valuable diagnostics for the solar (and stellar) T min region.
Finally, I point out the suitability of the CO firstovertone spectrum in evolutionary studies of late-type binary star systems using the approach described by Flannery and Ayres (1978) . As a binary system evolves, the two components A and B trace out a path in a No. 2, 1978 CENTER-TO-LIMB BEHAVIOR OF SOLAR CO 673
(Teff A 5 ^eff B ) -diagram whose location is very sensitive to the system metallicity. For stars near 1 M©, the effective temperature at a given age on and just above the zero-age main sequence decreases as the metallicity Z (essentially the CNO abundances) increases. From measurements of CO spectra in each component star, the product of the C and O abundances relative to the Sun can be estimated as a function of ^eff* using scaled solar photosphere models. Pairs of (r eff A , T et^) can then be determined such that the abundances derived from weak CO lines in star A are the same as those in star B. Owing to the temperature sensitivity of CO formation, one would expect a general increase in C and O abundance along the locus of (r eff A , points with increasing T eii . Therefore, one should be able to establish an intersection in the temperaturetemperature plane between the metallicity-dependent evolutionary trajectories and the effective-temperature -dependent chemical composition estimates. The intersection should indicate very accurately the system metallicity and the effective temperatures of the component stars. Once the system metallicity is established, the age of the binary can be estimated by comparing the ratio of the A and B luminosities to the relation predicted by evolutionary tracks for the appropriate composition. Such an approach can be used to test stellar evolution models and would be particularly suited to probing the age and chemical composition of nearby clusters (e.g., Hyades, Pleiades) which contain several bright visual binaries whose orbits, and hence component masses, can be accurately determined.
